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Abstract 
A laser-based micro upsetting process is presented which takes advantage of scaling effects in order to optimize the conventional 
multi-stage upsetting. Due to the fact that the surface tension exceeds the gravitation force with increasing miniaturization, in the 
micro-range an accumulation of molten material forms a nearly perfect sphere, which can be finally formed in a secondary 
process step. It is shown that the laser-based free form heading process improves the upset ratio up to 45 instead of 2.3 
commonly achieved by conventional multi-stage upsetting processes. 
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1. Introduction 
Cost reduction and function compaction are two of the main drivers in many fields of technology, e.g. automotive 
electronics and telecommunication. On one hand, cost reduction forces an optimization of process costs. In the area 
of fabrication of metallic components in high quantities, cold forming has been established due to its high cost 
efficiency. On the other hand, function compaction leads to an ongoing trend towards miniaturization. Compared to 
the rapid evolution of integrated circuits, the miniaturization of metal components in electrical systems is very slow. 
This is primarily due to the fact that a direct transferability of experiences in the field of cold forming from the so-
called macro-range to the micro-range is, due to size effects, not possible (or, at least, only with restrictions) [1]. 
Free form heading is an important process in many mass production process chains. This is due to the fact that 
the free form heading process provides the material needed for each step of the shaping process (cf. Fig 1a). 
Depending on the basic material and the sample diameter d0, a certain length l0 of the sample, called the upsetting 
length, can be accumulated in one step by a conventional upsetting process. Unfortunately, the upset ratio s = l0/d0 
decreases with decreasing sample diameter and thus with increasing miniaturization, the conventional upsetting 
process becomes more and more inefficient [2]. Especially in the case of work-hardening material, the conventional 
upsetting process has to be interrupted by several heat treatment processes, which increase the process time, effort 
and costs. In order to increase the process efficiency, new ways of free form heading have to be investigated. 
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Despite their restrictions, size effects also open the door for new technologies like the laser-based free form 
heading process, which is quite similar to laser droplet welding [3, 4]. Due to the fact that the surface tension 
becomes more and more dominant with increasing miniaturization, in the micro-range a molten material 
accumulation forms a nearly perfect sphere, which can be finally formed in a secondary process step (cf. Fig 1b). 
First results demonstrated that this method is very promising in order to reduce crack formation and to improve the 
upsetting ratio of multistage upsetting processes in the micro-range [5]. Considering the heating process, a number 
of techniques appear to be feasible. However, the advantage of a laser-based accumulation process over other 
thermal accumulation processes is the fact that the laser process allows a very precise energy application in time and 
space. This leads to a robust and efficient as well as very precise free form heading process [6]. In this paper, the 
influence of the sample diameter on the upset ratio s = l0/d0 and the influence of the process parameters on micro-
structural changes of the accumulated material in laser-based free form heading are investigated based on 
experiments with sample diameters between d0 = 0.2 mm and d0 = 1.0 mm. 
 
a)  b)  
Fig. 1. (a) Conventional and (b) laser-based free form heading process: For the conventional process, the risk of buckling and cracks increases 
with increasing miniaturization; for the laser-based process separate heat treatment processes between the upsetting steps are omitted 
2. Experimental 
For laser-based free form heading a cw fiber laser (Trumpf TruFiber 300) with a maximum output power of 
300 W and a focal spot radius of 0.02 mm was applied. The laser can be modulated with a maximum frequency of 
5 kHz leading to a wide range of pulse durations between 0.2 ms and cw. The detailed specifications of the used 
laser system are listed in Table 1. 
Table 1. Specifications of the used laser system 
Property Fiber laser 
Wave length 1085 nm 
Focal distance 100 mm 
Beam radius 0.02 mm 
Divergence angle 40 mrad 
Max. power 300 W 
Pulse duration 0.2-∞ ms 
Pulse shape Rectangle 
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The investigations were focused on rods of austenitic chromium-nickel steels 1.4301 and 1.4310, with diameters 
between 0.2 and 1 mm. The rods were fixed in a suspended arrangement in a shielding gas tube using argon. The 
experimental setup is shown in Fig 2a. For the horizontal positioning of the laser beam with respect to the centre of 
the rod the laser processing head with the mounted shielding gas tube in front of it can be adjusted by a xy-
positioning system. The rod mounting can be vertically adjusted by a z-stage for positioning the rod surface into the 
focal plane of the laser beam. To perform this positioning procedure the rod is illuminated by several photodiodes 
located inside the shielding gas tube and its surface visualized by a CCD camera. Additionally, through an 
inspection window in the shielding gas tube online process monitoring is possible by a high speed video camera. 
The camera was set up for a frame rate of 4000 fps and the specimen additionally illuminated for process monitoring 
by a defocused diode laser. The high speed camera could also be used to detect the diameter of the solidified 
spherical accumulation d and the upsetting length l0 of the rod with diameter d0 after processing (cf. Fig 2b). Using 
these geometrical parameters the volume of the accumulated material and the achieved upset ratio could be 
calculated. Furthermore, the micro-structural changes of the solidified spherical accumulation were examined with 
optical microscopy and metallography of the polished sample cross section. 
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Fig. 2. (a) Experimental setup for laser-based free form heading; (b) process monitoring by a high speed video camera (Ø rod 0.5 mm, power 
50 W, pulse duration 125 ms, shown at times t = 0, 50, 100, 150 ms respectively) 
3. Results 
3.1. Influence of the laser energy and rod diameter on the upset ratio 
For an adiabatic process the amount of energy Ea which is needed for a material accumulation of volume Va is 
given by [7]: 
 
bHTTcVE MMpaa ++−= ))(( 0ρ   (1) 
 
where the material and setup specific parameters are defined as ρ, the density; cp, the heat capacity; HM, the heat 
of fusion; TM, T0, the melting and working temperature; b, the offset term (e.g., heat conduction, spatter formation). 
The amount of absorbed energy Ea at normal incidence on an opaque surface can be expressed by the so-called 
effective absorption Aeff: 
 
EAE effa =   (2) 
 
where E denotes the energy of the light emitted by the laser. In the case of Fresnel absorption for the effective 
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absorption a value of about 0.32-0.4 is expected [8]. For anormal absorption, this value increases in dependence on 
the keyhole geometry up to a value of 0.9. Mechanisms which lead to a decrease of the effective absorption include 
defocusing of the laser beam, heat conduction, heat radiation as well as scattering and absorption by vaporized 
metal. The accumulated volume Va can be experimentally determined by measuring the diameter of the accumulated 
sphere d or even by measuring the upsetting length l0 according to Fig 2b: 
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Finally, using Eq (1), (2) and (3) the upset ratio s and its dependence on the laser energy E and specimen rod 
diameter d0 can be calculated by: 
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Fig 3 shows experimental results for different rod diameters d0 and the calculated curve according to Eq 4 for the 
achieved upset ratios s in dependence on the laser energy E normalized to the cubic rod diameter d03. For the 
calculated curve a density of ρ = 7.9 103 kg m-3, a heat capacity of cp = 500 J kg-1 K-1, a heat of fusion of 
HM = 2.8 105 J kg-1 and a melting temperature of TM = 1673 K were used according to [9]. The working 
temperature T0 was room temperature and the offset term b neglected. The calculations were performed for a 
0.5 mm rod in diameter and under the assumption of Fresnel absorption with an effective absorption of Aeff = 0.36. 
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Fig. 3. Experimental and calculated upset ratios in dependence on the energy normalized to the cubic rod diameter for different rod diameters 
between 0.2 and 1 mm 
230 A. Stephen, F. Vollertsen / Physics Procedia 5 (2010) 227–232
 Stephen / Physics Procedia 00 (2010) 000–000  
For the fiber laser source the model is in a quite good agreement with the experiments for the samples with 
diameters between d0 = 0.2-1.0 mm. This is even more impressive if one takes into account the fact that no fitting 
parameter is used for this model. All parameters used are taken from the literature. Nevertheless, a reduced increase 
in the upset ratio with increasing normalized energy can be observed. This effect can be explained by the angle 
dependence of the absorption at the surface of the sample. The angle of incidence continuously increases with 
increasing energy due to the higher upsetting length. i.e. the accumulated sphere shifts away from the laser focus. 
This leads to a continuous decrease in the effective absorption Aeff and, therefore, to the reduced increase in the upset 
ratio. This effect can be avoided by synchronized tracking of the rod or the laser focus respectively, which is subject 
of present investigations. 
3.2. Generation of maximum upset ratios 
For the investigation of maximum upset ratios the pulse duration was continuously increased from 80 to 4000 ms 
using for each pulse a new rod with 0.5 mm in diameter. The determined upset ratios measuring the upsetting length 
after processing are shown in Fig 4. The laser power was kept fixed at 50 W. In this case, abnormal absorption and 
the loss of material can be neglected. This statement was proofed by volume comparison measuring the upsetting 
length as well as the diameter of the material accumulation. 
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Fig. 4. Experimental upset ratios in dependence on the energy for a rod diameter of 0.5 mm; the achieved maximum upset ratio in the used 
experimental setup is 45 equal to an upsetting length of 22.5 mm 
The observed maximum upset ratio is 45 for rods with 0.5 mm in diameter. This equals an upsetting length of 
22.5 mm. After this point, a sufficient shielding gas environment can not be further maintained in the existing setup 
and oxidation effects lead to deformations as well as to a decrease in the volume of the accumulated material. At the 
upset ratio of 45 this can be rudimentary observed by means of a starting pore formation inside the accumulated 
material (cf. Fig 5). However, the achievable maximum upset ratio in laser-based free form heading, so far, is 
obviously much higher than the limit of 2.3 for the conventional upsetting process [10]. 
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a)  b)  
Fig. 5. (a) Photograph and (b) cross-section polish of the achieved maximum material accumulation, so far, with an upset ratio of 45 at a stainless 
steel rod 0.5 mm in diameter (pulse energy 200 J, pulse duration 4000 ms, laser power 50 W) 
4. Conclusions 
An analytical model for calculating the upset ratio in the laser-based micro upsetting process is presented. The 
process takes advantage of scaling effects in order to optimize the conventional multi-stage upsetting. The scaling 
effects are due to the fact that in the micro-range the surface tension exceeds by far the gravitation force. Therefore, 
an accumulation of molten material forms a nearly perfect sphere in the micro-range. The experimental data for rod-
shaped specimen with diameters between 0.2 and 1 mm are in good agreement with the model. It is shown that the 
laser-based process provides material needed for a following forming process with upset ratios up to 45 instead of 
2.3 commonly achieved by conventional multi-stage upsetting processes. Therefore, the presented micro upsetting 
process enables to accumulate the material in one step by laser melting without the interruption by several heat 
treatment processes, especially in the case of work-hardening material, as usual in conventional upsetting processes. 
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